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Summary. Different surface modification techniques such as coating, radiation graft 
polymerization and plasma polymerization are used to modify the structural characteristics 
and chemical properties of different types of membranes. In general, these techniques involve 
more steps during the fabrication line of membranes increasing their cost and changing the 
physical structure of their surface (e.g. change of the pore shape reducing its size or even 
closing it). In this study we propose the use of surface modifying macromolecules (SMMs) 
that can migrate to the air/membrane interface during its fabrication changing its surface 
chemistry while leaving its bulk properties intact. The SMMs were synthesized by a two-step 
solution polymerization method and characterized by different techniques analyzing their 
fluorine content, molecular weights, polydispersity, glass transition temperature, etc.  
Composite hydrophobic/hydrophilic polymeric membranes of different structures (i.e. porous, 
dense, flat sheet and hollow fiber membranes) and different characteristics were prepared. 
Attempts are made to fabricate SMMs modified electrospun nanofibrous membranes. During 
membrane formation, the SMMs migrate to the air/membrane interface because of their low 
Gibbs free energy compared to the host hydrophilic polymer. Following this method, 
modified membranes can be prepared in only one step instead of two (i.e. membrane 
fabrication and then modification) employing a polymer solution containing the host 
hydrophilic polymer and the SMMs. Based on different SMMs characterization techniques 
such as X-ray photoelectron microscopy (XPS), water contact angle measurements and 
scanning electron microscopy (SEM)+energy dispersion spectrometry (EDS), it was 
confirmed that the surface of the SMM electrospun modified nanofibrous membranes was 
enriched with fluorine groups.
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1 INTRODUCTION 
Taking into account the important role of the membrane surface on its separation 
performance, various methods for surface modification has been proposed1. These include 
radiation graft polymerization, plasma polymerization, surface grafting and surface coating1-4.
One of the simplest surface modification methods is to use active additives that can migrate to 
the air/host polymer interface and change its chemistry maintaining intact the bulk properties. 
This method was considered to prepare both porous and dense composite membranes using 
surface modifying macromolecules (SMMs) as active additive2,5. The SMM exhibits an 
amphiphatic structure that consists on a main polyurethane chain terminated with two low 
polarity polymer chains (i.e. fluorine segments). It is an oligomeric fluoropolymer synthesized 
by polyurethane chemistry and tailored with fluorinated end groups as will be shown later on.
According to this surface modification method, flat sheet membranes can be prepared by the 
phase inversion technique in only one casting step employing a polymer solution containing 
the host hydrophilic polymer and the SMM. Only a small quantity of SMM is required (i.e. 
less than 2.5 wt% in polymer solution is required to saturate the surface of flat sheet 
membrane)5.
When a polymer blend solution is equilibrated with air, with which the solution is in 
contact, the SMM having the lowest surface energy will concentrate at the air/polymer 
solution interface reducing its interfacial tension. It is worth quoting that polyurethane block 
copolymer to be used as surface modifying additive was first synthesized by Ward et al.6 for
the development of biomedical polyurethaneurea. A series of active additives were then 
designed by Tang et al.7,8 in order to obtain an optimum and effective surface modification of 
polyester-urea-urethane. Different types of SMMs were prepared by Khayet et al.9 and Rasool 
et al.10 with different combinations and stoichiometries of different reagents in order to 
develop improved flat sheet membranes for desalination by membrane distillation (MD). The 
objective was to prepare in a single casting step hydrophobic membranes with high chemical 
resistivity, good mechanical properties, low fouling propensity, high separation factors and 
high water production rates. SMM modified membranes were tested in different membrane 
separation technologies such as ultrafiltration for the treatment of oily aqueous solutions11,
membrane distillation for desalination2,9,10,12, pervaporation for separation of volatile organic 
compounds (VOCs) from water (i.e. chloroform/water mixture)13, as contactor for carbon 
dioxide absorption14 and in biomedical applications for reduction of hydrolytic degradation of 
polyurethanes by lysosomal enzymes and blood compatibility with respect to fibrinogen 
adsorption5,8.
In general, most hollow fiber membranes are prepared by the dry/jet wet spinning 
technique although this is a complex process involving more operating parameters compared 
to phase inversion technique used to prepare flat sheet membranes2. SMMs were also tested 
for surface modification of hollow fibers prepared by the dry/jet wet spinning technique2,14,15.
In this case, it is expected that the internal surface, the external surface or both are susceptible 
to be modified by the migration of SMMs. In other words, SMMs can migrate to the inner 
surface of the hollow fiber, to its external surface or to both depending on the spinning 
conditions2. Compared to the unmodified hollow fiber membrane, it was observed a reduction 
of the hollow fiber pore size with the addition of the SMMs and the presence of fluorine 
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associated to SMMs at both the inner and outer surfaces of the hollow fibers. This indicates 
SMM migration to both the inner and outer surfaces of the hollow fibers. Compared to the 
phase inversion technique applied to prepare flat sheet SMM modified membranes, the 
control of SMM segregation to either the inner or the outer surface of the hollow fibers is not 
an easy task providing that in the dry/jet wet spinning technique more parameters are involved 
(e.g. pressure applied on the dope solution, temperature, air gap distance between the 
spinneret and the external coagulant, nature of the internal and external coagulants, flow rate 
of the internal coagulant, structure and dimensions of the spinneret, fiber take-up speed, etc.)
Recently, attempts were made using hydrophilic SMMs for the modification of 
nanofibrous membranes prepared by electrospinning technique16. Highly hydrophilic 
electrospun nanofibrous membranes (ENMs) were prepared using the hydrophobic polymer 
poly(vinylidene fluoride) (PVDF) indicating SMMs migration and orientation at the surface 
of nanofibers. This was corroborated by water contact angle measurement and X-ray 
photoelectron spectroscopy (XPS) analysis. The water contact angle was reduced from 131.5º 
for PVDF ENM to 0º for hydrophilic SMM modified ENM synthesized with poly(ethylene 
glycol)s (PEGs) of 1000 Da average molecular weight.  
In the present paper we present case studies of fluorinated SMM modified flat sheet 
membrane, hollow fiber with preferential SMM migration to the outer surface, and 
nanofibrous membranes rendered more hydrophobic.   
2 MATERIALS 
The host hydrophilic polymers are polyetherimide (Ultem1010-1000) and polysulfone 
(PSU, UDEL P-3500 LCD). N,-methyl-2-pyrrolidione (NMP), N,N-dimethyl acetamide 
(DMAC) and acetone from Sigma Aldrich Chemical Co. are employed as solvents to prepare 
the polymer blend solution. Hydroxybutyric acid -lactone (GBL, Sigma-Aldrich) is used as a 
non-solvent additive.
For the preparation of fluorinated surface modifying macromolecule (SMM) the following 
chemicals were used: 4,4´-methylene bis(phenyl isocyanate) (MDI), l 4,4´-sulfonyldiphenol 
(DPS) and the monofunctional fluorinated alcohol (Zonyl fluorotelomer intermediate, 2-
(perfluoroalkyl)ethanol, BA-L) with an average molecular weight of about 443 g/mol and a 
fluorine content of 70 wt%.
3 SYNTHESIS OF SURFACE MODIFYING MACROMOLECULE (SMM) 
As shown in Fig. 1, SMM is synthesized by a two-step solution polymerization method in 
a controlled atmosphere of a prepurified nitrogen (N2) gas. The initial step involved the 
reaction of a diisocyanate with a polyol in a common solvent to get the urethane prepolymer. 
Subsequently, the reaction is terminated by the addition of a fluoroalcohol to end-cap the 
prepolymer resulting in the formation of SMM with hydrophobic end groups.
The important parameters determining the molecular weight and molecular weight 
distribution of the SMMs are temperature, solvent, reactant mole ratio, reactant concentration 
and stirring rate of the reaction. The significant contribution to the SMM´s molecular weight 
515
M. Khayet, M. Essalhi 
4
comes from the size of the prepolymer chain generated in the first step of the polymerization 
reaction and not the size of the fluorine tail due to the fact that the addition of the 
fluoroalcohol is a chain-terminating step. As mentioned previously, various SMM 
formulations were synthesized with different combinations of monomers and stoichiometries. 
Details of the synthesis reactions and list of the SMMs are summarized elsewhere5 together 
with the reactants and the diisocyanate/polyol/fluoroalcohol molar ratio. As an example in the 
present case, the initial step involved the reaction of the diisocyanate MDI with the polyol 
DPS in the solvent DMAC. MDI and DPS reacted at 50ºC for 3h to form the urethane 
prepolymer. The reaction was then terminated by the addition of the fluoroalcohol BA-L at 
25ºC for 24 h to end-cap the prepolymer resulting in the formation of SMM with hydrophobic 
end groups. The SMM was precipitated from the solution with distilled water, washed three 
times with 30/70 v/v acetone/water mixture to leach out the unreacted monomer, and finally 
dried in oven at 50°C. The structure of this SMM is shown in Fig. 2. 
Figure 1. Reaction scheme for the synthesis of the fluorinated SMM. 
Figure 2. SMM chemical formula. 
 
Main polyurethane chain Fluorine Segment 
Fluorine 
segment 
Di-isocyanate Polyol 
Solvent 
Step 1 
(Prepolymer formation)
Urethane prepolymer 
Fluorinated alcohol (BA-L)
Step 2 
(Chain formation)
Surface modifying macromolecule 
(SMM)
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The fluorine content and the polystyrene molecular weights (i.e. the weight average 
molecular weight, Mw, and the number average molecular weight, Mn) of the SMMs were 
determined. The methodology and the instrumentation details were reported elsewhere5. The 
characteristics of the prepared SMM shown in Fig. 2 are a fluorine content of 20 wt% and a 
polydispersity (Mw/Mn) of 1.3 (i.e. Mw = 0.65 x 104 and Mn = 0.50 x 104). It is to be noted that 
the polydispersity is less than two indicating that the SMM´s molecular weight distribution is 
very narrow. Compared to other types of SMMs, this one exhibits low molecular weights and 
high fluorine content5. It is worth quoting that the fluorine content decreased with the increase 
of the SMM molecular weights5,9.
4 MEMBRANE PREPARATION 
4.1 Flat sheet membrane: Case study 
As a case study of a flat sheet SMM modified membrane, we present a composite porous 
membrane prepared by the phase inversion technique from a casting solution containing 12 
wt% of PEI polymer, 76.5 wt% NMP, 10 wt% GBL and 1.5 wt% SMM12. PEI was first 
dissolved in the NMP/GBL mixture. The SMM was then dissolved in the prepared PEI 
solution by stirring in an orbital shaker (OVAN multipurpose rotation shaker 650-00001) for 
48 h and 22ºC. The polymer blend was poured onto a glass plate (0.45 x 0.3 m2) for casting at 
room temperature using the motorized film applicator with reservoir (Elcometer 4340) (Fig. 
3). The casting speed was 7 x 10-3 m/s and the thickness of the applicator was 200 m. The 
cast film was kept 30 s at ambient temperature for solvent evaporation and SMM migration to 
the polymer/air interface. The cast film and the glass plate were immersed in tap water kept at 
a temperature of about 17oC for 24 h. During coagulation, the membrane peeled off from the 
glass plate spontaneously. Finally, the membrane was further stored in distilled water at room 
temperature prior characterization. The unmodified PEI membrane was also prepared under 
the same casting conditions but without using SMM (i.e. 0 wt% SMM and 78 wt% NMP, 10 
wt% GBL).
Figure 3. Motorized film applicator with reservoir (Elcometer 4340) used for casting the blend polymer solution. 
4.2 Hollow fiber membrane: Case study 
Since the first hollow fiber membranes were patented by Mahon in late 1960s17,18, various 
types of hollow fibers have been proposed for different membrane separation processes2.
Compared to plate and frame membrane modules based flat sheet membranes, hollow fiber 
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membrane modules exhibit larger surface area per unit volume resulting in a high productivity 
per unit volume, are mechanically self-supporting, have good flexibility and are easy to pack 
in modules for different applications. Most hollow fibers have been prepared by the dry/jet 
wet spinning or the wet spinning technique using different types of polymers2. As can be seen 
in Fig. 4, the process of fabrication of hollow fibers is more difficult than that of flat sheet 
membranes. The polymer solution is first loaded into the spinning system shown 
schematically in Fig. 4. The polymer solution is driven to the spinneret, which has a tube-in-
orifice structure. A polymer solution under gas pressure passes through the spinneret and is 
extruded from the annular space of the spinneret. The internal coagulant is circulated from the 
central tube of the spinneret by means of a circulation pump. The polymer solution, after 
extrusion from the spinneret, goes across an air gap (i.e. distance between the spinneret and 
the coagulation bath) and finally enters into a coagulation bath. In the dry/jet wet spinning 
process, coagulation of the internal surface of the nascent fiber starts immediately after its 
extrusion from the spinneret, whereas the external surface experiences coalescence and 
orientation of polymer aggregates through the air gap before gelation in the external 
coagulation bath. The nascent fibers are finally oriented by means of guiding wheels and 
pulled into a collecting reservoir by a wind-up drum. During spinning, the take-up velocity is 
kept at the same speed as the free-falling velocity of the nascent fiber to prevent its stretching.
Figure 4. Schematic diagram of a typical hollow fiber spinning system: (1) spinning dope tank; (2) bore liquid 
vessel, (3) spinneret, (4) air gap, (5) coagulation bath, (6) fiber guiding wheel, (7) pulling wheel, (8) fiber 
collecting reservoir.
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As can be seen in Fig. 4, various parameters are involved in the fabrication of the hollow 
fibers. In this case study, the spinning blend is formed by 14 wt% of PEI host polymer, 74 
wt% NMP, 10 wt% GBL and 2 wt% SMM. Both SMM modified and unmodified (i.e. 0 wt% 
SMM, 76 wt% NMP, 10 wt% GBL) PEI hollow fibers were prepared under the same spinning 
conditions: 40ºC dope temperature, 30 cm air gap, distilled water as an internal coagulant, 
tape water as an external coagulant, 15ºC internal and external coagulants temperature, 14.3 
mL/min flow rate of the internal coagulant and 103 Pa extrusion pressure of the polymer 
solution.
4.3 Electrospun nanofibrous membrane (ENM): Case study 
Nanofibrous membranes exhibit good tensile strength, large surface area per unit mass, 
highly ordered polymer chains, excellent moisture vapor transport, good resistance to the 
penetration of chemical and biological agents, more controllable membrane parameters (inter-
fiber space, void volume fraction, thickness), high surface roughness, etc. For instance, 
nanofibers with a diameter of 100 nm have a ratio of geometrical surface area to mass of 100 
m2/g. These cited characteristics make nanofibers interesting candidates for a wide variety of 
applications and ideal substrate for separation processes2.
Figure 5 shows a schema of the used electrospinning system. This system consists of a 
syringe holding the polymer solution connected to a circulation pump, two electrodes (a 
metallic needle and a grounded conductor collector) and a DC voltage supply in the kV range. 
The polymer drop from the tip of the needle connected to the syringe by a Teflon tube is 
drawn into a fiber due to the applied high voltage. The jet is electrically charged and the 
charges cause the fibers to bend and loop reducing its diameter. The fibers are finally 
collected as a web on the surface of the grounded metallic collector.  
Figure 5. Schematic diagram of a typical electro-spinning system. 
In this case study ENMs were prepared using a polymer solution containing 25 wt% PSU 
and 80/20 wt% DMAC/acetone with 0 and 1.5 wt% SMM. The polymer solution was 
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supplied by a syringe pump (kd Scientific, Panlab S.I.; model KD.S-200-CE) with a flow rate 
of 1.23 mL/min. The dimension of the metallic needle was 0.6/0.9 mm inner/outer diameters. 
The applied electric voltage by means of a digital power supply (Iseg; model T1CP 300 304P; 
1x30 kV/0.3 mA) was 20 kV. The distance between the needle and the aluminum foil used as 
collector was 20 cm and the electrospinning time was 1 h. In order to increase the mechanical 
resistance and the structural integrity of the ENMs, a heat post-treatment was carried out at 
120°C for 2 h. 
5 RESULTS AND DISCUSSIONS 
Various characterization techniques have been applied to analyze the surface modified 
membranes by SMMs such as scanning electron microscopy (SEM) equipped with the 
energy-dispersive spectrometer (EDS), atomic force microscopy (AFM), X-ray photoelectron 
spectroscopy (XPS), water contact angle measurements for hydrophobicity study, liquid entry 
pressure of water (LEPw) measurements, gas permeation tests, etc.2,5,12. LEPw is the pressure 
applied on water before its penetration inside the membrane pores. The pore size, porosity or 
void volume fraction, hydrophobicity and mechanical properties were determined.  
It must be pointed out that various parameters affect SMMs migration towards the 
air/host polymer interface such as the surface free energy of the involved polymer and 
additive, the temperature, the interactions between the base polymer and the polymer additive 
and those between each individual polymer and the solvent, the molecular weights of the 
polymer, the solvent evaporation rate, the thickness of the casting film, the type of SMM (i.e. 
molecular weights and fluorine content), the type of coagulant, etc.
For flat sheet membranes it was observed that the top surface of the SMM modified 
membrane was enriched with fluorine groups associated with SMM and, therefore, was more 
hydrophobic than the unmodified membrane surface (i.e. 94.8º for the top surface of the SMM 
modified membrane and 74.0º for the unmodified membrane). To confirm the SMM 
migration to the top membrane surface, XPS analysis with different take off angles showed 
that the surfaces of the unmodified membrane, which contained no SMMs, had no fluorine. In 
contrast, fluorine was present at the surface of the SMM modified membrane and its 
concentration was reduced gradually through the membrane cross-section. Based on 
SEM+EDS spectra, the thickness of the hydrophobic layer associated to the fluorinated 
SMMs was estimated to be 4.5 m. The SMM blended membrane exhibited lower liquid and 
gas permeation fluxes compared to the unmodified membrane. This was attributed to their 
higher hydrophobicity and smaller pore size (i.e. 92.2 nm). In addition, the SMM modified 
membrane exhibited a smoother top surface than the corresponding unmodified membrane 
(i.e. Ra=5.1 nm for the SMM modified PEI membrane), and the LEPw value of the SMM 
modified membrane was greater than that of the unmodified ones (i.e. 3.82 105 Pa for the 
SMM modified PEI membrane). Based on Laplace equation, this is attributed to the smaller 
pore size and higher hydrophobicity of the SMM modified PEI membrane compared to the 
unmodified one2.
Figure 6 shows the cross-section SEM images of the SMM modified and unmodified PEI 
hollow fiber membranes. The characteristics of the PEI hollow fiber membranes are presented 
520
M. Khayet, M. Essalhi 
9
in Table 1. As can be seen both the inner and outer water contact angles are higher for the 
SMM modified PEI hollow fiber compared to the unmodified one indicating the SMM 
migration to both the inner and outer surfaces of the PEI hollow fiber. However, the outer 
surface is by far more hydrophobic than the inner surface indicating the preferential migration 
of SMM towards the internal surface of the hollow fiber through the air gap distance between 
the spinneret and the external coagulation bath. This indicates the SMM movement toward the 
outer surface during solvent evaporation through the air gap. Moreover, based on the SEM+-
EDS and XPS analysis, the determined concentration of fluorine at the outer surface was 
higher than that of the inner surface confirming the preferential segregation of SMM to the 
outer surface of the hollow fiber. In comparison, no fluorine was detected for the unmodified 
hollow fiber. With the addition of SMM to the PEI host polymer solution, both the porosity 
and pore size were decreased, whereas the mechanical properties were improved. These 
occurred also for the flat sheet membrane due to the SMM migration to the membrane/air 
interface.  
                       
(a)                             (b)  
Figure 6. Cross-section images of the unmodified (a) and SMM modified (b) hollow fiber membranes.  
Table 1: Characteristics of the unmodified and SMM modified hollow fiber membranes: inner diameter (id), 
outer diameter (od), thickness (δ), void volume fraction (ε), liquid entry pressure (LEPw), pore size (dp), water 
contact angle of the inner surface (θi), water contact angle of the outer surface (θo) and mechanical properties 
(Young’s modulus (Ym), tensile strength (Ts), elongation at break (Eb)). 
Membranes id(µm) 
od
(µm) 
δ 
(µm) 
ε 
(%) 
dp
(nm) 
LEPw 
(kPa) 
θo
(º) 
θi
(º) 
Ym 
(MPa) 
Ts 
(MPa) 
Eb 
(%) 
Unmodified 822.6 955.7 133.0 85.8 293.3 131.0 87.2 80.5 256.7 5.03 8.2 
SMM modified 872.2 1126.1 253.9 81.4 163.6 370.0 142.0 102.1 402.4 6.1 6.0 
Figure 7 shows the SEM images of the top surface of both the SMM modified and 
unmodified ENMs together with the size distribution of the fibers. With the addition of the 
SMM the fiber size was increased (from 69.5 nm to 944.8 nm) with a change of the surface of 
the fibers. The measured water contact angle of the SMM modified ENM (i.e. 139.7º) was 
found to be greater than that of the unmodified ENM (i.e. 132.5º). As it was observed for both 
flat sheet and hollow fiber membranes, this result is attributed to the SMM migration to the 
surface of the nanofiber. Moreover, the SMM migration was confirmed by XPS and 
SEM+EDS analysis. Fluorine concentration was found to be greater at the surface of the 
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nanofiber. In addition, as it can be seen in Fig. 8, the mechanical properties of the nanofibers 
were improved by blending SMM to the PSU polymer solution. Young`s modulus increased 
from 53.5 MPa for the unmodified nanofibers to 65.0 MPa for the SMM modified PSU 
nanofibers. Similar to other types of membrane configurations, by blending SMM to the host 
hydrophilic polymer the interfiber space was reduced (i.e. 1.1m for the SMM modified ENM 
and 1.7 m for the unmodified ENM).  
(a)
(b)
Figure 7. SEM images and fiber size distribution of the top surface and cross section of the SMM modified (a) 
and unmodified (b) electrospun nanofibers.  
Figure 8. Stress-strain curves of the SMM modified and unmodified ENMs.  
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6 CONCLUSIONS 
Fluorinated surface modifying macromolecules (SMMs) do migrate to the hydrophilic 
polymer/air interface of membranes of different structures (flat sheet, hollow fiber and 
nanofibrous membranes) changing their surface characteristics: increase of the water contact 
angle or hydrophobicity, increase of the fluorine concentration, reduction of the pore size, 
porosity or void volume fraction, LEPw and roughness. However, the mechanical properties 
were improved by adding SMM to the polymer blend.   
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